The use of targeted radionuclide therapy for cancer is on the rise. While beta-particle-emitting radionuclides have been extensively explored for targeted radionuclide therapy, alpha-particle-emitting radionuclides are emerging as effective alternatives. In this context, fundamental understanding of the interactions and dosimetry of these emitted particles with cells in the tumor microenvironment is critical to ascertaining the potential of alpha-particle-emitting radionuclides. One important parameter that can be used to assess these metrics is the S-value. In this study, we characterized several alpha-particle-emitting radionuclides (and their associated radionuclide progeny) regarding S-values in the cellular and tumor-metastasis environments. The Particle and Heavy Ion Transport code System (PHITS) was used to obtain S-values via Monte Carlo simulation for cell and tumor metastasis resulting from interactions with the alphaparticle-emitting radionuclides, lead-212 ( 212 Pb), actinium-225 ( 225 Ac) and bismuth-213 ( 213 Bi); these values were compared to the beta-particle-emitting radionuclides yttrium-90 ( 90 Y) and lutetium-177 ( 177 Lu) and an Auger-electronemitting radionuclide indium-111 ( 111 In). The effect of cellular internalization on S-value was explored at increasing degree of internalization for each radionuclide. This aspect of S-value determination was further explored in a cell linespecific fashion for six different cancer cell lines based on the cell dimensions obtained by confocal microscopy. S-values from PHITS were in good agreement with MIRDcell S-values (cellular S-values) and the values found by Hindié et al. (tumor S-values) . In the cellular model, 212 Pb and 213 Bi decay series produced S-values that were 50-to 120-fold higher than 177 Lu, while 225 Ac decay series analysis suggested S-values that were 240-to 520-fold higher than 177 Lu. S-values arising with 100% cellular internalization were two-to sixfold higher for the nucleus when compared to 0% internalization. The tumor dosimetry model defines the relative merit of radionuclides and suggests alpha particles may be effective for large tumors as well as small tumor metastases. These results from PHITS modeling substantiate emerging evidence that alpha-particleemitting radionuclides may be an effective alternative to beta-particle-emitting radionuclides for targeted radionuclide therapy due to preferred dose-deposition profiles in the cellular and tumor metastasis context. These results further suggest that internalization of alpha-particle-emitting radionuclides via radiolabeled ligands may increase the relative biological effectiveness of radiotherapeutics. Ó 2018 by Radiation
INTRODUCTION
Targeted radionuclide therapy (TRT) is recognized as a promising therapeutic modality for several types of inoperable or metastatic cancers (1) . One therapeutic strategy for the use of targeted radionuclide therapy takes advantage of known biochemical behavior of elements that results in preferential accumulation of radionuclides in specific malignant lesions. For example, iodine-131 ( 131 I) naturally accumulates in thyroid tissue for thyroid cancer therapy (2); and radium-223 ( 223 Ra), as a calcium analog, accumulates naturally in highly-proliferative prostate-cancer bone metastases (3) . A second strategy is to direct radiation to cancer cells using radiolabeled ligands that bind with high affinity to cancer-specific receptors or antigens that are highly expressed on malignant cells in the tumor microenvironment relative to normal cells. In this strategy, tumor targeting is afforded via small molecules (ligand-directed radionuclide therapy), peptides (peptide receptor radionuclide therapy) and radiolabeled antibodies (radio-immuno-therapy) (4) (5) (6) (7) (8) . One prominent example is somatostatin analog-based peptide receptor radionuclide therapy, which targets highly-expressed somatostatin receptor subtype 2 (SSTR2) for therapy of neuroendocrine tumors. Favorable outcomes relative to current standard-of-care therapy in recent clinical trials suggest a promising future for these agents for the treatment of neuroendocrine tumor patients (9, 10) . In this context, among the various considerations required for the development of successful therapeutic strategies, choice of radionuclide is essential (1) . For neuroendocrine tumor patient care, indium-111 ( 111 In) was the first radionuclide introduced commercially. 111 In was introduced initially as a SSTR2-targeted peptide-based diagnostic [ 111 In-DTPA 0 -octreotide (also known as OctreoScan)], taking advantage of a favorable half-life (t 1/2 ¼ 2.8 days) and photon emissions that are amenable to imaging via single photon emission computed tomography (SPECT) (11) . 111 In was later considered as a therapeutic option (at high doses), employing the concomitant low-energy Auger electrons that accompany photon emissions (12) (13) (14) (15) (16) (17) (18) (19) (20) . While these beta-particle-emitting radionuclides have been extensively investigated and used for clinical trials, the high-linear energy transfer (LET) of alpha particles is emerging as a less-explored paradigm that represents a promising alternative. Radium-223, the first alpha-particle-emitting radionuclide approved for cancer therapy by the U.S. Food and Drug Administration (FDA) [ 223 Ra dichloride (Xofigot); Bayer HealthCare Pharmaceuticals Inc., Whippany, NJ], has provided evidence of the promise of alpha-particle therapy for cancer by significantly improving the median overall survival of metastatic castration-resistant prostate-cancer patients (mCRPC), with minimal reported toxicity (3, 21) . In contrast, the effectiveness of beta-particle-emitting radionuclides strontium-89 and samarium-153 for this purpose is generally considered to be palliative, with no survival benefit and an accompanying risk of myelosuppression (22) . Thus, alpha-particle therapy for cancer is emerging as a promising approach to treatment.
Internal radiation dosimetry to tumors and critical organs (e.g., kidneys) is critical for precise treatment planning and the prediction of therapeutic outcomes for patients undergoing targeted radionuclide therapy. The Medical Internal Radiation Dose (MIRD) schema (23) has been considered a standard dosimetry approach for targeted radionuclide therapy, where the intravenous infusion of radiopharmaceutical is required. The dose can be obtained as the product of cumulative radioactivity within the time of interest and Svalue, which is a figure of merit that describes the mean absorbed dose within the organ/tumor per decay of radionuclide from the source region (23) . However, in some instances, the absorbed dose to individual cells is more meaningful, particularly when the targeting moiety concentrates in the cells and emits radiation with a path length comparable to dimensions of cells and small tumor metastases. There have been extensive efforts to evaluate the relative merits of various radionuclides available for therapy at the cellular scale using analytic methods or Monte Carlo radiation transport codes (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . However, these studies have focused primarily on beta-or Augerelectron emitters, while dosimetry studies of alpha particles in this area are limited.
In this study, we explored the effect of high-LET alpha particles using the S-value determination for direct comparison to beta-particle-emitting radionuclides for cancer therapy. (35) (36) (37) . Among these candidates, we selected three alpha-particle emitters ( 225 Ac, 213 Bi and 212 Pb) and characterized them according to cellular and tumor S-values. We further compared these results to S-values for the widely used beta-particle emitters 90 Y and 177 Lu, and to the Auger-electron emitter 111 In. The dependency of S-values on the degree of internalization was also characterized. Furthermore, we calculated cell line-specific S-values using appropriate cellular and nuclear radii of six human cancer cell lines derived from confocal microscopy images of live cells. The data presented here will assist in dosimetry calculations of novel alpha-particle-emitting radiopharmaceuticals that are being evaluated in the preclinical and clinical settings.
MATERIALS AND METHODS
Particle and Heavy Ion Transport code System (PHITS) software version 2.76 (38) (Japan Atomic Energy Agency, Tokai, Japan) was used to characterize alpha-particle interactions and to estimate dose deposition for cells and tumor metastases in model systems. These analyses were initiated with validation of PHITS (Supplementary Fig. S3 ; http://dx.doi.org/10.1667/RR15081.1.S1). The energy depositions per unit path length resulting from the PHITS simulation were compared with the values obtained from available stopping-power acquisition software (39, 40) . Figure 1 Table S1 (http://dx. doi.org/10.1667/RR15081.1.S1) summarizes the details of decay characteristics and radiation emissions that were included in our analyses. Decay data employed were obtained from the Radiological Toolbox software version 3.0 (41) (Oak Ridge National Laboratory, Oak Ridge, TN), which incorporates the nuclear decay data of the International Commission on Radiological Protection (ICRP) Publication 107 (42) . The radiation-emission data of electrons, including beta particles, internal conversion electrons (CEs) and Auger electrons (Supplementary Fig. S1 ; http://dx.doi. org/10.1667/RR15081.1.S1), as well as alpha particles (Supplementary Fig. S2 ; http://dx.doi.org/10.1667/RR15081.1.S1) and photons from each radionuclide, were specified in source definitions. Liquid water was substituted in the geometries of either single sphere or concentric spheres of various sizes for cells and tumor metastases as described elsewhere (26, 33) . The cutoff energy of electrons for the simulation was set to 1 keV and a total of 1,000,000 particles were transported for each simulation.
Depth-Dose Distribution of Alpha Particles
The alpha particles of mean energies, as specified in Supplementary  Table S1 , emitted from the radionuclides investigated were irradiated into a thin water slab (10 cm 3 10 cm 3 2 cm) and depth-dose distributions were obtained. The branching ratios were taken into account using the global normalization factor, totfact, in the source definition. The LETs (initial and maximum) and ranges were obtained based on the distributions.
Cellular Dosimetry
Two concentric water spheres were constructed representing cellular and nuclear membranes, respectively. Four different cellular sizes, ranging from 3-10-lm radii for the cell membrane and 2-7-lm radii for the nucleus, were selected. The source was assumed to be isotropic and uniformly distributed within the cell compartments [either whole cell (C), nucleus (N) or cytoplasm (Cy)] or on the cell surface (CS). Five different source-to-target combinations, cell to cell (C C), cell surface to cell (C CS), nucleus to nucleus (N N), cytoplasm to nucleus (N Cy) and cell surface to nucleus (N CS), were considered. Cellular S-values were then obtained for each radionuclide and compared to the values from MIRDcell software version 2.0.16 (43) (Rutgers New Jersey Medical School, Newark, NJ). Because the nuclear transformations of the alpha-particle emitters investigated result in subsequent radionuclide progeny, we had assumed that all daughters of the decay series are retained within the cellular compartment or on the cell surface during the decay processes. Because the MIRDcell S-values are only available for single radionuclides, not for the whole decay series, we added up the respective MIRDcell S-values from each decay daughter within the decay series with appropriate consideration of branching ratios, and compared with the PHITS S-values.
Dose Deposition as a Function of Cellular Internalization
Two concentric spheres of 5-lm and 4-lm radii for cell membrane and nucleus, respectively, were constructed for the dosimetry determinations. In the source definition, two source sections were specified: one for the internalized source and the other for the membrane-bound source. The internalized portion was then increased from 0% (all membrane-bound) to 100% (fully internalized) by 20% increments while the membrane-bound portions were decreased accordingly. S-values were then obtained for cell and nucleus, respectively, as a function of cellular internalization for the radionuclides under investigation.
Cell Line-Specific Dosimetry
To investigate the potential differences in S-values and susceptibility to alpha-particle versus beta-particle dose deposition, the following six human cancer cell lines were investigated: neuroendocrine tumor cells BON-1 and NCI-H727; prostate cancer cells DU-145 and PC-3; and melanoma cells A375 and A2058. A cell imaging study was first performed to establish dimensions of the human cancer cell lines. Cells were cultured in the recommended media supplemented with 10% fetal bovine serum (Gibcot; Life Technologies, Grand Island, NY). Cells (1.5 -3.0 3 10 5 ) were seeded in six-well plates with coverslips on the bottom of the plates and cultured for two days. The cells were then stained with CellMaske Deep Red Plasma Membrane Stain (Molecular Probest, Eugene, OR) for membrane staining for 10 min at 378C and fixed with 4% paraformaldehyde. The coverslips were then mounted onto SlowFadee Gold Antifade reagent with DAPI (Molecular Probes) and allowed to stand overnight at 48C. The samples were imaged on a Leica SP8 laser scanning confocal microscope (Mannheim, Germany) at The University of Iowa Central Microscopy Research Facility (Iowa City, IA). DAPI and Deep Red membrane stains were excited with 405-nm and 649-nm laser lines, respectively. Due to the irregular morphology of the cancer cells, the volumes of the cells and the nuclear compartments were estimated from confocal z-stacks, using Imaris software V9.0 (Bitplane AG, Zurich, Switzerland), and the radii of spheres from the volume information were derived based on these estimates. The average values were obtained from at least 30 cell images. These realistic cellular dimensions were then used for PHITS calculation for the cell line-specific S-values. The cell and nucleus S-values were calculated from two different source locations: cell (C; 100% internalization) and cell surface (CS; 0% internalization).
Dosimetry for Tumor Metastases of Various Sizes
Water spheres with various diameters ranging from 10 lm to 1 cm, representing tumor metastases of various sizes, were constructed and simulated to obtain S-values for tumor metastases. The source definition was modified to specify either all types of radiations, or a single radiative emission (alpha particles, beta particles, conversion electrons, Auger electrons or photons) at a time, to investigate the relative contribution of each type of radiation to final dose. We compared the PHITS S-values from 
RESULTS

Depth-Dose Distribution of Alpha Particles
The ranges of all alpha particles emitted from the three alpha-decay series investigated were between 45 lm and 88 lm, which corresponds to multiple cell diameters (Fig. 2) . The , respectively ( Fig. 2B and C) .
Cellular Dosimetry
The observed cellular S-values obtained using PHITS were in good agreement with MIRDcell S-values for the radionuclides under investigation, with percentage differences of less than 6% for all three alpha-decay series evaluated and of less than 13% for 177 Lu and In were significantly different (up to 36%) from MIRDcell when the source was restricted to the cell surface ( Fig. 3; Supplementary Table S2 ). Table S2 ). The 111 In dose was highly efficient when the source was localized to the nucleus, while the effect was significantly reduced when the source was positioned on the cell surface (Supplementary Table S2 ). For example, in a cell comprising a 3-lm radius, when the source was positioned inside the nucleus (N N), the 
Dose Deposition as a Function of Cellular Internalization
Cellular internalization changed the energy deposition pattern significantly at the cellular level, and the doses to the cell and the nucleus were increased as the internalization of radiopharmaceuticals was increased ( Fig. 4A; represented with 177 Lu). Our results suggest that the nucleus is more susceptible to internalization than the whole cell, and the degree of increase in dose deposition by the internalization, indicated by increase factors (IFs; the relative ratio between the S-values from 100% vs. 0% internalizations), was radionuclide-dependent ( Fig. 4B and C) . The doses from alpha-particle emitters were increased by a factor of up to 2.3 to nuclei as internalization was increased from 0% to 100% (Fig. 4B) . The effect of percentage internalization of the beta-particle and the Auger-electron emitters on Svalues tended to depend on electron energy (Figs. 1 and 4) . For example, the IF of 111 In for the nucleus was 6.0, while the increase factors of 90 Y was 2.1 ( Fig. 4B) , reflecting the relatively short range of the Auger electrons versus the long range of high-energy beta particles emitted by 90 Y.
Cell Line-Specific Dosimetry
The precise dimensions of six different human cancer cell lines (human neuroendocrine tumor cells BON-1 and NCI-H727; prostate cancer cells DU-145 and PC-3; and melanoma cells A375 and A2058) were obtained by confocal microscopy (Fig. 5) . The prostate cancer cell lines had the largest cell radii (DU-145: 9.75 6 0.64 lm; PC-3: 9.14 6 0.91 lm), followed by the melanoma cell lines (A375: 8.81 6 0.99 lm; A2058: 8.69 6 0.72 lm) and the neuroendocrine tumor cell lines (BON-1: 7.76 6 0.55 lm; NCI-H727: 7.51 6 0.60 lm). The melanoma cell lines had relatively larger nuclei relative to cell size compared to the other cell lines examined (e.g., R N /R C ; 0.74 for A375 vs. 0.63 for PC-3; Fig. 5 ). In general, cells were round in shape, except for melanoma cell lines, which were characterized by more variation in shape than the other human cancer cell lines examined. When these cells were well separated (less than 50% confluent), the melanoma cells tended to be flat and elongated, but resolved into a more rounded shape as confluent colonies formed. The cell line-specific S-values obtained from PHITS simulation for each radionuclide are reported in Supplementary Table S4 (http://dx.doi.org/10. 1667/RR15081.1.S1). The effective dose deposition of all radionuclide decays was found to be dependent on cell size, i.e., the most effective dose deposition was observed for the NCI-H727 cells (smallest radius), while DU-145 (largest radius) resulted in the lowest dose deposition (S C C with 177 Lu; Gy Bq In; Supplementary Table S4) , which corresponds to the higher R N /R C (Fig. 5) .
Dosimetry for Tumor Metastases of Various Sizes
The tumor S-values obtained from PHITS were within 6% for 177 111 In in tumor S-value was 3% for the 10-lm-diameter cell, while a 24% difference was observed for the 1-cm-diameter tumor Table S6 ). Compared to the beta-particleemitters 177 Lu and 90 Y, the alpha-decay series imparted significantly higher doses to all tumors within the size range investigated ( Fig. 7 ; Supplementary Tables S5 and S6) . However, as tumor size increased (i.e., 1-cm diameter), a highly-localized inhomogeneous dose deposition pattern was observed for the alpha-decay series (Fig. 7A) . Table S5 ). These results suggest that alpha particles account for most of the dose ( 90%) deposited from all alphadecay series investigated ( Fig. 7B ; Supplementary Table S6). However, the beta-particle emissions became significant as tumor size increased. Notably, these data indicate that the beta emissions within the alpha-decay series result in similar or higher dose than the pure beta emitters (Fig.  7B) .
DISCUSSION
Receptor-targeted radionuclide therapy for cancer is increasingly recognized as a promising approach to cancer treatment. While beta-particle-emitting radionuclides have been explored extensively, alpha-particle-emitting radionuclides are emerging as potentially more effective components of targeted radionuclide therapy radiopharmaceuticals. In this context, characterizing the absorbed dose delivered by these emitted particles within cells in the tumor microenvironment is critical to ascertaining the potential of alpha-particle-emitting radionuclides. One important parameter that can be used to assess these metrics is the S-value. In this study, we examined and characterized several alpha-particle-emitting radionuclides (and their associated radionuclide-progeny) regarding S-values in cellular and tumor-metastasis environments to elucidate their relative merits. The degree of internalization was also assessed for alpha-decay series and compared with betaparticle-emitter interactions.
Monte Carlo simulation codes, including MCNP, PE-NELOPE, GEANT 4 and CELLDOSE, have been used both in cellular and tumor-metastasis dosimetric paradigms for beta-particle-and Auger-electron-emitting radionuclides (29) (30) (31) (32) (33) (34) , while the alpha-decay series have been largely unexplored within the context of targeted radionuclide
Confocal microscopy images of six human cancer cell lines. Averaged volumes of the cells and the nuclei were estimated from confocal z-stacks (at least 30-cell images) and translated to the radii of the cell (R C ) and the nucleus (R N ) assuming the cell and the nucleus were in sphere shapes. R N /R C represents the ratio between the cell and the nucleus radii and is regarded as a parameter for susceptibility from internalization. therapy. To our knowledge, this is the first reported application of PHITS for cellular and tumor-metastasis dosimetry for alpha particles in the MIRD schema. Thus, this study contributes to a more detailed understanding of dosimetry for emerging applications in targeted alphaparticle therapy for cancer. The results substantiate the benefit of alpha particles versus beta particles for the treatment of cancer. Alpha particles promise a significantly higher dose than beta particles, particularly at the cellular and tumor-micrometastasis scales. The ranges of alpha particles in the decay series studied were within 45-88 lm (Fig. 2) . The physical particle-energy character of alpha particles produces highly localized dose to tumor cells and potentially may result in better tumor control than highenergy beta particles, as indicated in previously published in vitro and in vivo preclinical studies (44) (45) (46) . Interestingly, Chan et al. (47) reported, based on a study of 213 Bi-[DOTA 0 ,Tyr 3 ]-octreotate alpha-particle therapy for neuroendocrine tumors in an animal model, that alpha particles were effective in both small (,6 mm diameter) and large (up to 1 cm diameter) tumor sizes. This finding might be explained by high vascularization of the larger tumors, which may provide a more homogeneous distribution of the radiopharmaceutical within the tumor microenvironment, thereby promoting a homogenous cell-killing effect of high-LET alpha particles (along with a potentially high bystander effect). Although these authors considered the contribution from beta-particle dose deposition to be relatively insignificant (less than 5% of total dose), our results suggest that long-ranged energetic electrons within the alpha-decay series are an important contribution for large wellvascularized tumors (Fig. 7B) .
Our results show that the highest total absorbed dose deposition to the tumor microenvironment arises from localization of the 225 Ac decay series due to four pronounced alpha-particle emissions within the series. These data are aligned with the notion that 225 Ac acts as an ''in vivo generator'' due to a relatively long half-life (10 days) with a dose that is highly influenced by the decay of radionuclide progeny in the series. Importantly, these results assume that migration of 225 Ac radioactive progeny is negligible. The 212 Pb and 213 Bi decay series produced a similar pattern of dose deposition in this study, stemming from similar decay schemes, which include two alpha-particle and three betaparticle emissions. However, the difference in half-lives (10.6 h vs. 45.6 min; Fig. 1 ) of parent nuclei, 212 Pb and 213 Bi, might lead to a difference in relative biological effectiveness due to the difference in dose rates. In accordance with previously reported observations (33, 48) , the relative dose depositions of 177 Lu and 90 Y as tumor size increases were a function of beta-particle emission energy (Figs. 1 and 7) . Thus, the energy of emission is an important criterion for selection of beta emitters for patient therapy (depending on the tumor size) and substantiates that the use of a combination of 177 Lu and
90
Y might lead to better tumor control, as reported elsewhere (49, 50) . In the same way, as a low-energy Auger-electron emitter, the effectiveness of 111 In in delivering cytotoxic dose depends greatly on the degree of internalization of ligand (Fig. 4B) . The dose contribution of photons has been ignored because of the small contribution to the total dose, typically accounting for ,5% (30, 33) . However, this study suggests that accurate dosimetry may need to include the contributions of photons when low-energy Auger-electron emitters, such as 111 In, are used in relatively large volume tumors (Supplementary Table S5 ).
The degree of cellular internalization of radioligand in the tumor microenvironment is recognized as an important parameter in predicting the effectiveness of a given receptor-targeted radionuclide therapy (5, 51, 52) . This is particularly true for alpha-particle emitters, for which proximity to the nucleus increases the likelihood of alpha-particle interactions with DNA, and catastrophicunrepairable double-strand breaks that lead to apoptosis of cancer cells in the tumor (53, 54) . The efficiency of the radiolabeled ligand-mediated internalization is dependent on the structure of ligand and type of biological target (5, 51, 52). While previously published dosimetry studies have restricted models to source-to-target combinations such as cell to nucleus (N C; 100% internalization) and cell surface to nucleus (N CS; 0% internalization) (26, 30, 32, 34) , our study is unique in the description of S-values that are stratified by increasing degree of radioligand cellular internalization (Fig. 4) . Because the internalization of radioligands is rarely 100% (55, 56), we expect this study can contribute to more accurate cellular dosimetry since the cells are likely to display differing degrees of internalization in a cell line-specific and ligand-dependent fashion. Based on our study, further research is required to elucidate the impact on this internalization in the context of antagonists used for therapeutic purposes, since a lower biological effect may arise due to lower dose deposition to the nucleus, which may counterbalance the perceived benefits of antagonists with respect to cell binding.
Sizes of the whole-cell and nucleus are critical parameters for an accurate assessment of absorbed dose, where shortranged radiations emitted from intracellularly-distributed radionuclides can significantly alter the dose, based on these sizes (30, 57) . Here we report on cell line-specific S-values for six different cancer cell lines relevant to targeted radionuclide therapy (Supplementary Table S4 ). These cell imaging data ( Fig. 5 ; coupled with our S-value determinations) suggest that care should be taken when simplified geometries are employed for dosimetry, i.e., concentric spheres may not adequately describe the geometric dimensions of individual cell lines such as was observed for well-separated melanoma. For example, Sefl et al. (32) reported that the difference between a sphere and an irregular shape could result in a significant difference in cellular dose (up to 300%).
A common simplifying assumption in dosimetry analysis for decay series (such as described in this work) is that all decay progeny remain within the same target region as the parent radionuclide (i.e., 212 Pb; 213 Bi; 225 Ac). As pointed out by Kratochwil et al. (58) , this assumption may contribute to a large uncertainty in the estimation of dosimetry for alpha emitters. That is, the assumption might be valid for some short-lived daughters such as 221 Fr (4.8-min half-life) and 217 At (33-ms half-life), but might not be valid for relatively long-lived daughters such as 213 Bi (45.6-min half-life). As an example, Azure et al. (59) investigated the subcellular distribution of 212 Pb and its decay daughters along with cellular uptake and biological retention by Chinese hamster V79 cells. Carefully designed studies are required to further elucidate the impact of the migration of progeny from the decay location of parent radionuclides in the tumor microenvironment. Here, we report a separate list of Svalues from each daughter nucleus within the alpha-decay series so that the sub-cellular distribution and retention data of each decay daughter (if available) can be taken into account for the precise dosimetry (Supplementary Tables S7  and S8 ; http://dx.doi.org/10.1667/RR15081.1.S1).
Despite the potential of alpha particles shown in our study (Fig. 7) , more preclinical studies are necessary to fully understand the highly dose-localizing nature of the alpha particles for clinical applications. At the microscale, alphaparticle emitters might be distributed non-homogenously, resulting in a highly nonuniform dose distribution over the target region, including critical organs (i.e., kidneys) (60). This heterogeneous dose distribution might be observed to a greater extent than that shown in this study ( Fig. 7A; 212 Pb for 1-cm tumor), where the distribution was developed from a uniform distribution of radiopharmaceutical, and might become a potential hurdle for alpha-particle dosimetry.
CONCLUSION
PHITS is a reliable tool to estimate absorbed doses at the cellular and tumor-metastasis scale. This work substantiates the emerging merit of alpha particles versus beta particles that results in significantly higher dose to cancer cells, including large tumor metastases. Results further substantiate that internalization of the alpha-particle-emitting radionuclides via radiolabeled ligands will increase the dose to the nucleus and potentially increase the relative biological effectiveness of radiotherapeutics (although dependent on tumor vasculature). We report cell linespecific S-values for six different cancer cell lines relevant to targeted radionuclide therapy and anticipate that these values can be applied for precise dose estimation in experimental settings. Table S1 . Decay characteristics of the radionuclides under investigation. In in various cellular sizes and source-to-target combinations. Ac decay series, respectively. 213 Bi decay series are shown in the dotted rectangle (E i ). The branching ratios within the decay series were considered. The continuous beta spectra were constructed with 120 energy bins divided by the bin energy (thereby represented as keV -1 ). The electrons with the intensity below 10 -5 were neglected.
SUPPLEMENTARY INFORMATION
212 Po (a 212 Pb progeny) is a pure alpha-particle emitter without any electron emissions, and 213 Po (a 213 Bi progeny) is not shown here because all emitted electrons have the emissions below 10 -5 . Fig. S2 . Alpha-particle emissions per decay of (panels A-C) 225 Ac, 213 Bi and 212 Pb, respectively. All alpha particles emitted from the decay daughters are included, and the branching ratios within the decay series are considered. The alpha particles with the emissions below 10 -5 were neglected. 
